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ScienceDirectA diverse group of viruses subvert the host translational
machinery to promote viral genome translation. This process
often involves altering canonical translation initiation factors to
repress cellular protein synthesis while viral proteins are
efficiently synthesized. The discovery of this strategy in
picornaviruses, which is based on the use of internal ribosome
entry site (IRES) elements, opened new avenues to study
alternative translational control mechanisms evolved in
different groups of RNA viruses. IRESs are cis-acting RNA
sequences that adopt three-dimensional structures and recruit
the translation machinery assisted by a subset of translation
initiation factors and various RNA binding proteins. However,
IRESs present in the genome of different RNA viruses perform
the same function despite lacking conservation of primary
sequence and secondary RNA structure, and differing in host
factor requirement to recruit the translation machinery.
Evolutionary conserved motifs tend to preserve sequences
impacting on RNA structure and RNA–protein interactions
important for IRES function. While some motifs are found in
various picornavirus IRESs, others occur only in one type
reflecting specialized factor requirements. This review is
focused to describe recent advances on the principles and
RNA structure features of picornavirus IRESs.
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Introduction
Initiation of translation in a diverse group of RNA viruses
differs from the bulk of cellular mRNAs in many ways
[1,2]. Most cellular mRNAs initiate translation by a
mechanism that depends on the recognition of the
m7G(50)ppp(50)N structure (termed cap) located at thewww.sciencedirect.com 50 end of mRNAs. In this mechanism, the 50 cap structure
is recognized by a translation initiation factor (eIF) com-
posed of the cap-binding protein eIF4E, the scaffolding
protein eIF4G, and the RNA helicase eIF4A. In turn, the
43S complex that comprises the ternary complex (con-
sisting of the initiator methionyl-tRNAi and eIF2-GTP)
bound to the 40S ribosomal subunit is recruited to the
mRNA along with eIF1A, eIF1, eIF3, and eIF5. The 43S
complex scans the 50 untranslated region of the mRNA
until the first initiation codon in the proper context is
encountered, leading to the formation of the 48S initia-
tion complex. Base pairing between the start codon and
the tRNA anticodon triggers a conformational change in
the 43S complex, leading to 48S scanning-incompetent
conformation. eIF5 promotes GTP hydrolysis by eIF2 in
the 48S complex, followed by phosphate release and
displacement of eIF1 from its binding site on the 40S
subunit. GTP hydrolysis lowers the affinity of eIF2 for
the Met-tRNAi, eIF2-GDP dissociates and eIF5B
replaces it on the Met-tRNAi. Then, eIF5B and eIF1A
promotes the recruitment of the 60S subunit. Finally,
ribosomal subunit joining promotes GTP hydrolysis by
eIF5B, leaving a competent 80S ribosome with a Met-
tRNAi in the P-site ready for translation elongation
(reviewed in [1]).
In contrast to this mechanism used by the vast majority of
cellular mRNAs, various viral RNAs have evolved alter-
native mechanisms to initiate translation [2,3,4]. A para-
digmatic example is provided by picornaviruses, which
subvert the host translational machinery to promote
translation of the viral genome using a cap-independent
mechanism. Recruitment of the ribosomal subunits to
initiate translation of the viral RNA is governed by a cis-
acting region designated internal ribosome entry site
(IRES) element [5,6]. Indeed, the picornavirus genomic
RNA does not contain a cap structure at the 50 end.
Instead, a viral protein (VPg) is covalently linked to
the 50 end of the viral genome. Moreover, cleavage of
host factors by viral-encoded proteases profoundly alter
several processes critical for cell viability, including tran-
scription, nucleo-cytoplasmic transport, RNA granules
composition, and global protein synthesis [7]. Specifically,
cellular mRNA translation is inhibited by the proteolysis
of eIF4G, eIF3a, eIF5B, or PABP, dephosphorylation of
4E-BPs and phosphorylation of eIF2a [1,7].
Dicistrovirus and hepatitis C IRESs
In addition to picornaviruses, IRESs have been found to
drive translation initiation in various groups of viralCurrent Opinion in Virology 2015, 12:113–120
114 Virus structure and expressionRNAs, including dicistroviruses, hepatitis C virus (HCV)
and pestiviruses [3,8]. While all IRESs perform the same
function, they posses different structural organization and
promote internal initiation by using distinct mechanisms.
Regarding factor requirement, the intergenic region
(IGR) of dicistroviruses appears to use the simplest
mechanism, assembling a 48S complex in the absence
of any initiation factor [9]. The IGR is about 200 nt long
organized in three-pseudoknoted (PKI, PKII and PKIII)
RNA structure [10]. Structural analysis of complexes
assembled with the IGR IRES on the 40S ribosomal
subunit and the 80S ribosome has shed light on the
process leading to translation initiation governed by this
peculiar IRES element. The three-dimensional structure
of the IGR bound to the ribosome indicates that the
pseudoknot PKI mimics a tRNA/mRNA interaction in
the decoding center of the A site of the 40S ribosomal
subunit. The IGR binding mimics a pretranslocation
rather than initiation state of the ribosome. Translocation
of the IRES by elongation factor 2 (eEF2) is required to
bring the first codon of the mRNA into the A site and to
allow the start of translation [11]. By mimicking the
elongation cycle step, these IRESs exploit the dynamic
properties of the ribosome, bypassing the regulation of
the initiation step.
A higher complexity of IRESs is exemplified by the HCV
IRES element, which requires eF3 and the ternary com-
plex to assemble 48S initiation complexes in reconstitu-
tion assays [12]. This IRES element is organized in three
domains, designated II, III and IV. Mechanistic studies
have shown that the HCV IRES binds directly the 40S
subunit, then eIF3 and the ternary complex bind, pro-
moting initiation in the absence of factors required for
cap-dependent initiation and for scanning (eIF4A, eIF4B,
eIF4E or eIF4G, eIF1, eIF1A) [3]. Subsequent GTP
hydrolysis, eIF release and binding of a 60S subunit yield
an 80S ribosome placed at the start codon. The function
of HCV IRES is conferred by its RNA structure [13], in
which specific domains drive different steps of 80S ribo-
some formation. Domain III binds the 40S subunit and
eIF3; domain IV harbors the AUG initiation codon; the
pseudoknot places the AUG in the 40S subunit decoding
groove; and domain II is involved in eIF2-catalyzed GTP
hydrolysis, 60S subunit joining and the configuration of
RNA in the decoding groove. Recent studies have shown
that the apical loop of domain II contacts the ribosomal
protein RPS5, stabilizing the ribosome in a conformation
that leads to translocation. Delivery of aminoacyl-tRNA
to the ribosome by eukaryotic elongation factor 1A
(eEF1A) and subsequent peptide bond formation are
then followed by eEF2-catalyzed translocation [14].
Picornavirus IRESs
Picornaviruses induce a shutdown of cap-dependent
translation in infected cells [7]. Furthermore, these
RNA viruses highjack the translation machinery andCurrent Opinion in Virology 2015, 12:113–120 evade translation inhibition taking advantage of IRES
elements [5,6]. These RNAs recruit the 40S ribosomal
subunit internally by a process guided jointly by RNA
structural motifs, a subset of eIFs and a number of RNA-
binding proteins (RBPs). Translation of picornavirus
RNA is, therefore, resistant to cap-dependent inhibition.
IRESs, initially reported in the genome of poliovirus (PV)
and encephalomyocarditis virus (EMCV) [5,6], drive in-
ternal initiation of translation in the mRNA of all mem-
bers of the Picornaviridae family. Picornavirus IRESs are
characterized by the presence of ignored AUGs upstream
of the functional start codon, and by heavy RNA structure
with high GC content [15]. Yet, viral IRESs differ in
primary sequence, RNA structure and trans-acting factors
requirement [8]. A distinctive feature of picornavirus
IRESs is their relative long length. According to RNA
secondary structure, picornavirus IRESs have been clas-
sified into five types designated I, II, III, HCV-like and
AV-like (aichivirus-like) (Figure 1). Although there is
conservation of the core secondary structure within each
group of IRES, there is little similarity among the differ-
ent types. IRES activity depends on specific sequence
motifs located on the RNA architecture in such a way that
functionally related elements in different viruses harbor
conserved sequence motifs and have a common RNA
structure core maintained by evolutionary conserved co-
variant substitutions.
Host factors critical for picornavirus IRES
activity
Picornavirus IRES-dependent protein synthesis rely on
the recognition of the IRES element by specific eIFs,
which however, depend upon the type of IRES (Table 1).
One of these factors is the proteolytic C-terminal frag-
ment of eIF4G that, despite being unable to direct cap-
dependent translation, it is fully efficient in type I and II
IRES-driven translation initiation. Reconstitution assays
have shown that assembly of 48S initiation complexes
into IRESs belonging to types I and II require eIF4A,
eIF1, and eIF3, in addition to the C-terminal end of
eIF4G resulting from the proteolytic cleavage induced by
the L protease of foot-and-mouth disease virus (FMDV)
or the 2A protease of enteroviruses, but no eIF4E
[16,17,18]. Unlike types I and II, the AV-like IRESs
depend on the RNA helicase DHX29, in addition to
eIF4G, eIF4A, eIF4B, eIF1, eIF1A, eIF3 and eIF2 to
assemble 48S complexes [19]. Type III IRES requires
intact eIF4G [20]. In contrast, the HCV-like elements
differ from all the picornavirus in that they do not need
eIF4G to assemble 48S complexes in in vitro reconstitu-
tion assays [21] (Table 1).
It was shown long ago that, in addition to eIFs, auxiliary
factors present in extracts of mammalian cells were needed
for IRES activity [22]. These factors, subsequently termed
IRES-transacting factors (ITAFs) are functional proteinswww.sciencedirect.com
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Schematic of the secondary structure of picornavirus IRESs. The location of domains, sub-domains and RNA motifs referred to in the text is
indicated.associated in ribonucleoprotein complexes involved in
RNA biology processes, including transcription, splicing,
RNA transport, or RNA stability. The multifunctional
nature of these proteins such as polypyrimidine-bindingTable 1
Host proteins controlling picornavirus IRES activity
Type of IRES I (PV) II (FMDV) 
Factors required for
48S assembly
eIF3, eIF2, eIF4G-Ct, eIF4A,
eIF4B, eIF1, eIF1A, PCBP2
eIF3, eIF2, eIF4G-Ct
eIF4B, eIF1, eIF1A
ITAFs enhancing
IRES activity
PTB, SRp20, PCBP2,
Unr, hnRNPA1
PTB, Ebp1 
Negative ITAFs DRP76:NF45
FBP2
Gemin5 
www.sciencedirect.com protein (PTB), poly(rC)-binding protein 2 (PCBP2),
SR splicing factor (SRp20), erbB-3-binding protein 1
(Ebp1), upstream of N-ras (unr), hnRNPA1, far upstream
element binding protein 2 (FBP2) or Gemin5, amongIII (HAV) HCV-like (PTV) AV-like (AV)
, eIF4A, eIF3, eIF2,
eIF4G
eIF3, eIF2 eIF3, eIF2, eIF4G-Ct, eIF4A,
eIF4B, eIF1, eIF1A, DHX29
PTB
GAPDH
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to act at various steps of gene expression control (Table 1).
PTB (also known as hnRNP I) was reported as an ITAF
soon after the discovery of IRESs [23]. This protein
recognizes U/C-rich sequences of both type I and type II
IRESs, and its binding constrains the RNA structure
presumably facilitating the interaction of the IRES with
the ribosomal subunits [30,31]. Notwithstanding, recent
in vitro reconstitution studies showed that PCBP2 is the
only ITAF absolutely required to assemble 48S initia-
tion complexes on type I IRESs using purified compo-
nents [17]. Complementing this information, studies
carried out in living cells have suggested that IRES-
dependent translation is enhanced through the concert-
ed action of two or more factors (for instance, SRp20 and
PCBP2, or Ebp1 and PTB for type I or type II IRESs,
respectively) [27,32]. In support of the modulating
effect of host factors on IRES activity, and consistent
with the fact that not only translation but the entire
picornavirus replication cycle occurs in the cell cyto-
plasm, many ITAFs are nuclear proteins that shuttle to
the cytoplasm in infected cells [33]. In this way, factors
that normally participate in nuclear events associated to
RNA metabolism become delocalized and participate in
translation modulation of a viral RNA lacking nuclear
localization. A well-documented case is SRp20, a splic-
ing factor that has the capacity to stimulate IRES activity
and shows a cytoplasmic localization in enterovirus-
infected cells [27]. However, not all factors interacting
with the IRES element enhance internal initiation. In
the case of enterovirus 71 (EV71) delocalization of FBP2
to the cytoplasm of infected cells negatively regulates
enterovirus IRES activity [28]. Similarly, GAPDH [34]
and DRP76:NF45 heterodimer [35] negatively impacts
on HAV and human rhinovirus (HRV) IRES function,
respectively (Table 1). Moreover, the IRES-binding
factor Gemin5 negatively regulates IRES-driven trans-
lation of both FMDV and HCV [36].
A characteristic of many ITAFs is their recognition as
substrates of picornavirus-encoded proteases, which in
some cases, leads to generation of truncated peptides with
different capacity to modulate translation than the unfrag-
mented polypeptide. For instance, proteolysis of PTB in
PV infected cells results in truncated polypeptides that
repress IRES activity [37], and proteolysis of Gemin5 in
FMDV infected cells [38] leads to the appearance of C-
terminal fragments that harbor a noncanonical bipartite
RNA-binding motif which downregulates translation
[39]. In contrast, the FBP2 fragment lacking the C-
terminal region behaves as an IRES stimulator [28].
In summary, most ITAFs are proteins that shuttle be-
tween the nucleus and the cytoplasm, and in many cases
are targets of viral proteases or suffer post-translational
modifications leading to the reprogramming of geneCurrent Opinion in Virology 2015, 12:113–120 expression in infected cells. Although the composition
of the IRES-assembled complexes needs to be elucidated
in more detail, the available data reveal that ITAFs are not
just passengers. Instead, the specific binding of proteins to
the different IRES domains suggests an active role of these
factors during internal initiation of translation.
RNA motifs critical for picornavirus IRES
activity
As mentioned above, IRESs govern initiation of transla-
tion of all picornavirus RNAs. Despite a similar general
genome organization, the untranslated regions of picor-
navirus genomes differ in length, sequences and struc-
tural elements. These differences also apply to the IRES
element, which in most picornavirus genomes precede
the single open reading frame encoding the viral poly-
protein. Only in the case of cadicivirus A structural and
nonstructural proteins are encoded by different open
reading frames [40], and some members of the genus
cardiovirus encode the L* protein in an alternative read-
ing frame to the polyprotein [41].
Evolutionary conserved motifs tend to preserve
sequences impacting on both, RNA structure and
RNA-protein interactions eventually determining the
activity of the IRES element. However, while some
motifs are found in various picornavirus IRESs, others
are found only in one type suggesting specialized require-
ment of factors. The RNA structure of type I IRESs,
occurring in enteroviruses (e.g. poliovirus), is organized in
modular domains (designated II–VI) (Figure 1). These
IRESs span about 450 nts in which conserved pyrimidine
tracts occur at the base of domain II, and in the central and
basal part of domain V [42]. Domain IV harbors a C-rich
loop and a GNRA motif (N stands for any nucleotide, and
R for purine) [43]. These motifs are conserved in IRESs
classified as type II and AV-like [19,44,45]. Domain V,
which harbors a determinant of PV neurovirulence [46],
provides the binding site for PTB partially overlapping
with eIF4G and eIF4A binding sites during 48S complex
assembly [17]. The 30 border of type I IRES harbors the
Yn-Xm-AUG motif in which Yn (a pyrimidine tract of 8–
10 nts) is separated by a spacer (Xm, 10–20 nts) from an
AUG triplet. This motif has been proposed to be the
ribosome entry site, which in turn is separated from the
functional initiator codon by a non-conserved spacer
(about 150 nts in PV), which is scanned by the initiation
complex [47].
The RNA structure of the type II IRESs, exemplified by
EMCV and FMDV, is arranged in modular domains (H to
L, or 2–5) (Figure 1). Domain 2 (or H) contains a con-
served pyrimidine tract that provides a binding site for
PTB [23]. Domain 3 (or I) is a self-folding cruciform
structure that harbors the conserved motifs GNRA,
RAAA, and the C-rich loop [48]. The GNRA motif is
essential for IRES activity in both FMDV and EMCVwww.sciencedirect.com
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Secondary RNA structure of the FMDV C-S8 IRES. Accesibility to DMS, RNase T1 and T2 was previously described [40]. For SHAPE reactivity, RNA
was folded in HEPES pH 8, 140 mM KCl, 6 mM MgCl2. 3D RNA model of distal stem-loops was generated using the MC-Fold and MC-Sym pipeline
[68] incorporating SHAPE reactivity data as constraints (low: 0.1–0.29; medium: 0.3–0.69, high 0.7). MC-Fold input RNA sequences: domain 2 (nt 29–
84), subdomain 3a (nt 159–194), subdomain J (nt 321–365), subdomain K (nt 367–397) and domain 5 hairpin (nt 419–440). For simplicity, IRES
nucleotides are numbered 1 to 462, such that position 1 of the IRES element corresponds to nt 576 in the GeneBank sequence (Accession DQ409183).
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cipates in long-range interactions [51]. Domain 4 (corre-
sponding to subdomains J and K) consists of a Y-shape
RNA structure and provides the binding-site for eIF4G
[52,53]. Finally, domain 5 (or L), which consists of a short
hairpin and a conserved pyrimidine tract on its 30 end,
provides the binding site for eIF4B, PTB and other RNA-
binding proteins [36,54]. Type II IRESs also have a 30
terminal Yn-Xm-AUG motif, but in contrast to type I
IRESs, the ribosome entry site is at this AUG codon
without any spacer sequence [55].
The relationship between RNA structure and biological
function of picornavirus IRESs has been inferred from
mutational analysis and RNA probing. Overall, the data
derived from functional analysis were in agreement
with the conservation of structural motifs in highly vari-
able viral genomes [15]. In particular, covariation data in
conjunction with computational RNA modeling [44,56]
have contributed to define the RNA secondary structure
of the FMDV IRES (Fig. 2). Selective 20-hydroxyl acyla-
tion analyzed by primer extension (SHAPE) reactivity
[57] provided data on the susceptibility of different
residues, reinforcing the localization of loops and internal
bulges within the IRES structure in solution. Additional-
ly, the lack of attack to several residues within the folded
RNA observed after RNase digestion were in accordance
with the stems defined by covariation data [44]. Like-
wise, incorporation of SHAPE reactivity as constraints to
MC-Fold/MC-Sym software generates three-dimensional
RNA models of distal stem loops (Figure 2), which are in
agreement with RNA accessibility to chemical attack and
enzymatic digestion [58]. It is interesting to note that the
local RNA flexibility of specific IRES regions, including
the apical stem–loop of domain 3, the 10-nt loop of
domain 4 (subdomain J), and the basal region of domain
5, are sensitive to the concentration of Mg2+ ions in the
RNA folding buffer [57]. Along this line of evidences,
recent NMR studies carried out with synthetic oligori-
bonucleotides corresponding to short stem-loops of the
EMCV IRES have shown that Mg2+ ions affect the
conformation adopted by the GNRA tetraloop and the
C-rich loop [59].
In contrast to IRESs belonging to type I and II, little is
known about the RNA structural organization of type III
IRES, present in Hepatitis A virus (Figure 1). The bound-
aries of this element, about 410 nts long, were mapped by
deletion analysis. In addition, a model of the secondary
structure was proposed based on RNA probing and se-
quence covariation data [60]. The core element contains
two principal domains (IV and V) followed by a Yn-Xm-
AUG motif, although the upstream 175 nts (encompassing
domains II and III) enhanced its activity.
Concerning the growing and diverse group of picornavirus
IRESs resembling the HCV IRES, secondary structureCurrent Opinion in Virology 2015, 12:113–120 model for the porcine teschovirus 1 (PTV-1) IRES element
(Figure 1) predicted domains II and III but domain IV was
lacking [61]. On the basis of sequence conservation among
HCV-like IRESs it has been proposed that these elements
may have arose by horizontal gene transfer [62], and that
IRES evolution may involve addition of modular domains
to a preexisting core. As in the case of HCV IRES, recon-
stitution of 48S complexes in vitro on the PTV-1 IRES only
required 40S subunit, eIF3, eIF2/GTP/met-tRNA [21]
(Table 1). Nonetheless, a group of the HCV-like picorna-
virus IRES showed partial requirement for eIF4F compo-
nents [63], suggesting mechanistic differences with the
HCV IRES. The PTV-1 IRES structure model derived
on the basis of sequence covariation and thermodynamic
features havebeen validated by chemical probing using free
RNA, 40S-IRES and 48S complexes [64], and the RNA
structure of domain IIa of the Seneca Valley virus has been
resolved by X-ray crystallography [65].
The RNA structure of the fifth group of picornavirus
IRES, the AV-like, is arranged in four domains (H, I, J-K,
L) (Figure 1) that share some features with type I, and
others with type II. Domain H and the apical region of
domain J resemble type I but domain K is essential for
eIF4G binding and resembles type II. However, domain
I, the basal region of domain K, and domain L are unique
to this group [19]. Binding sites for PTB are located in
domain I and in the basal region of domain K. Domain L
differs from other picornavirus in containing the AUG
codon embedded in a stem. This specific feature explains
the requirement of the DHX29 helicase to accommodate
the start codon in the ribosomal-mRNA binding cleft.
Concluding remarks
IRES elements consist of a modular organization with a
distribution of functions among the different domains.
Deciphering the RNA structure organization of two
groups of viral IRESs, the dicistrovirus intergenic region
and the HCV-like IRES, has made great progress in recent
years [11,14,66]. However, the three-dimensional
structure of picornavirus IRESs is still unknown, likely
due to their long RNA sequence, and high RNA flexibility
[8,15]. Given the diversity of primary sequences and
secondary RNA structures there is still much to learn
about how different picornavirus IRESs achieve their
function. Although a conserved tertiary structure element
unique to these RNA regulatory sequences has not been
found, understanding the structural organization of spe-
cific domains could contribute to predict hidden IRESs in
other genomes by using inverse folding [67]. IRESs seem
to operate at multiple levels, from primary sequence to
three-dimensional structure assembled in ribonucleopro-
tein complexes. Thus, elucidating the function of IRES-
dependent translation demands a deep understanding of
the RNA structural domains that determine their three-
dimensional fold, and of how proteins modulating internal
initiation recognize this RNA structure.www.sciencedirect.com
Structural features of picornavirus IRES elements Lozano and Martı´nez-Salas 119Acknowledgements
We are grateful to current and former laboratory members for their
insightful contributions. This work was supported by grants BFU2011-
25437 and CSD2009-00080 from MINECO, and by an Institutional grant
from Fundacio´n Ramo´n Areces.
References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest
1. Sonenberg N, Hinnebusch AG: Regulation of translation
initiation in eukaryotes: mechanisms and biological targets.
Cell 2009, 136:731-745.
2. Au HH, Jan E: Novel viral translation strategies. Wiley Interdiscip
Rev RNA 2014, 5:779-801.
3. Fraser CS, Doudna JA: Structural and mechanistic insights into
hepatitis C viral translation initiation. Nat Rev Microbiol 2007,
5:29-38.
4. de Breyne S, Soto-Rifo R, Lopez-Lastra M, Ohlmann T:
Translation initiation is driven by different mechanisms on the
HIV-1 and HIV-2 genomic RNAs. Virus Res 2013, 171:366-381.
5. Jang SK, Krausslich HG, Nicklin MJ, Duke GM, Palmenberg AC,
Wimmer E: A segment of the 50 nontranslated region of
encephalomyocarditis virus RNA directs internal entry of
ribosomes during in vitro translation. J Virol 1988, 62:2636-
2643.
6. Pelletier J, Sonenberg N: Internal initiation of translation of
eukaryotic mRNA directed by a sequence derived from
poliovirus RNA. Nature 1988, 334:320-325.
7. Walsh D, Mohr I: Viral subversion of the host protein synthesis
machinery. Nat Rev Microbiol 2011, 9:860-875.
8. Plank TD, Kieft JS: The structures of nonprotein-coding RNAs
that drive internal ribosome entry site function. Wiley
Interdiscip Rev RNA 2012, 3:195-212.
9. Wilson JE, Pestova TV, Hellen CU, Sarnow P: Initiation of protein
synthesis from the A site of the ribosome. Cell 2000, 102:511-
520.
10. Costantino DA, Pfingsten JS, Rambo RP, Kieft JS: tRNA–mRNA
mimicry drives translation initiation from a viral IRES. Nat
Struct Mol Biol 2008, 15:57-64.
11.

Fernandez IS, Bai XC, Murshudov G, Scheres SH,
Ramakrishnan V: Initiation of translation by cricket paralysis
virus IRES requires its translocation in the ribosome. Cell 2014,
157:823-828.
Three-dimesional structure of dicistrovirus IRES-ribosome complexes.
12. Pestova TV, Shatsky IN, Fletcher SP, Jackson RJ, Hellen CU: A
prokaryotic-like mode of cytoplasmic eukaryotic ribosome
binding to the initiation codon during internal translation
initiation of hepatitis C and classical swine fever virus RNAs.
Genes Dev 1998, 12:67-83.
13. Perard J, Leyrat C, Baudin F, Drouet E, Jamin M: Structure of
the full-length HCV IRES in solution. Nat Commun 2013, 4:
1612.
14.

Filbin ME, Vollmar BS, Shi D, Gonen T, Kieft JS: HCV IRES
manipulates the ribosome to promote the switch from
translation initiation to elongation. Nat Struct Mol Biol 2013,
20:150-151.
Structural analysis of HCV IRES-ribosome complexes.
15. Martinez-Salas E: The impact of RNA structure on picornavirus
IRES activity. Trends Microbiol 2008, 16:230-237.
16. Andreev DE, Fernandez-Miragall O, Ramajo J, Dmitriev SE,
Terenin IM, Martinez-Salas E, Shatsky IN: Differential factor
requirement to assemble translation initiation complexes at
the alternative start codons of foot-and-mouth disease virus
RNA. RNA 2007, 13:1366-1374.www.sciencedirect.com 17.

Sweeney TR, Abaeva IS, Pestova TV, Hellen CU: The mechanism
of translation initiation on type 1 picornavirus IRESs. EMBO J
2014, 33:76-92.
Evidences for PCBP2 requirement in the minimal set of factors needed for
48S reconstitution on type I IRESs.
18. Yu Y, Abaeva IS, Marintchev A, Pestova TV, Hellen CU: Common
conformational changes induced in type 2 picornavirus IRESs
by cognate trans-acting factors. Nucleic Acids Res 2011,
39:4851-4865.
19. Sweeney TR, Dhote V, Yu Y, Hellen CU: A distinct class of
internal ribosomal entry site in members of the kobuvirus and
proposed salivirus and paraturdivirus genera of the
picornaviridae. J Virol 2012, 86:1468-1486.
20. Ali IK, McKendrick L, Morley SJ, Jackson RJ: Activity of the
hepatitis a virus IRES requires association between the cap-
binding translation initiation factor (eIF4E) and eIF4G. J Virol
2001, 75:7854-7863.
21. Pisarev AV, Chard LS, Kaku Y, Johns HL, Shatsky IN, Belsham GJ:
Functional and structural similarities between the internal
ribosome entry sites of hepatitis C virus and porcine
teschovirus, a picornavirus. J Virol 2004, 78:4487-4497.
22. Dorner AJ, Semler BL, Jackson RJ, HanecakR,Duprey E, Wimmer E:
In vitro translation of poliovirus RNA: utilization of internal
initiation sites in reticulocyte lysate. J Virol 1984, 50:507-514.
23. Jang SK, Wimmer E: Cap-independent translation of
encephalomyocarditis virus RNA: structural elements of the
internal ribosomal entry site and involvement of a cellular 57-
kd RNA-binding protein. Genes Dev 1990, 4:1560-1572.
24. Pilipenko EV, Pestova TV, Kolupaeva VG, Khitrina EV,
Poperechnaya AN, Agol VI, Hellen CU: A cell cycle-dependent
protein serves as a template-specific translation initiation
factor. Genes Dev 2000, 14:2028-2045.
25. Boussadia O, Niepmann M, Creancier L, Prats AC, Dautry F,
Jacquemin-Sablon H: Unr is required in vivo for efficient
initiation of translation from the internal ribosome entry sites
of both rhinovirus and poliovirus. J Virol 2003, 77:3353-3359.
26. Cammas A, Pileur F, Bonnal S, Lewis SM, Leveque N, Holcik M,
Vagner S: Cytoplasmic relocalization of heterogeneous
nuclear ribonucleoprotein A1 controls translation initiation of
specific mRNAs. Mol Biol Cell 2007, 18:5048-5059.
27.

Fitzgerald KD, Semler BL: Re-localization of cellular protein
SRP20 during poliovirus infection: bridging a viral IRES to the
host cell translation apparatus. PLoS Pathog 2011, 7:e10021.
Effect of poliovirus infection on the distribution of SRp20, a nuclear
splicing factor with the capacity to activate IRESs.
28. Chen LL, Kung YA, Weng KF, Lin JY, Horng JT, Shih SR:
Enterovirus 71 infection cleaves a negative regulator for viral
internal ribosomal entry site-driven translation. J Virol 2013,
87:3828-3838.
29. Pineiro D, Fernandez N, Ramajo J, Martinez-Salas E: Gemin5
promotes IRES interaction and translation control through its
C-terminal region. Nucleic Acids Res 2013, 41:1017-1028.
30. Kafasla P, Morgner N, Poyry TA, Curry S, Robinson CV,
Jackson RJ: Polypyrimidine tract binding protein stabilizes the
encephalomyocarditis virus IRES structure via binding
multiple sites in a unique orientation. Mol Cell 2009, 34:556-568.
31. Kafasla P, Morgner N, Robinson CV, Jackson RJ: Polypyrimidine
tract-binding protein stimulates the poliovirus IRES by
modulating eIF4G binding. EMBO J 2010, 29:3710-3722.
32. Monie TP, Perrin AJ, Birtley JR, Sweeney TR, Karakasiliotis I,
Chaudhry Y, Roberts LO, Matthews S, Goodfellow IG, Curry S:
Structural insights into the transcriptional and translational
roles of EBP. EMBO J 2007, 26:3936-3944.
33. Fitzgerald KD, Semler BL: Bridging IRES elements in mRNAs to
the eukaryotic translation apparatus. Biochim Biophys Acta
2009, 1789:518-528.
34. Yi M, Schultz DE, Lemon SM: Functional significance of the
interaction of hepatitis A virus RNA with glyceraldehyde 3-
phosphate dehydrogenase (GAPDH): opposing effects ofCurrent Opinion in Virology 2015, 12:113–120
120 Virus structure and expressionGAPDH and polypyrimidine tract binding protein on internal
ribosome entry site function. J Virol 2000, 74:6459-6468.
35. Merrill MK, Gromeier M: The double-stranded RNA binding
protein 76:NF45 heterodimer inhibits translation initiation at
the rhinovirus type 2 internal ribosome entry site. J Virol 2006,
80:6936-6942.
36. Pacheco A, Lopez de Quinto S, Ramajo J, Fernandez N, Martinez-
Salas E: A novel role for Gemin5 in mRNA translation. Nucleic
Acids Res 2009, 37:582-590.
37. Back SH, Kim YK, Kim WJ, Cho S, Oh HR, Kim JE, Jang SK:
Translation of polioviral mRNA is inhibited by cleavage of
polypyrimidine tract-binding proteins executed by polioviral
3C(pro). J Virol 2002, 76:2529-2542.
38. Pineiro D, Ramajo J, Bradrick SS, Martinez-Salas E: Gemin5
proteolysis reveals a novel motif to identify L protease targets.
Nucleic Acids Res 2012, 40:4942-4953.
39.

Fernandez-Chamorro J, Pineiro D, Gordon JM, Ramajo J,
Francisco-Velilla R, Macias MJ, Martinez-Salas E: Identification
of novel non-canonical RNA-binding sites in Gemin5 involved
in internal initiation of translation. Nucleic Acids Res 2014,
42:5742-5757.
Evidences for two novel RNA-binding sites on the C-terminal region of
Gemin5, the region responsible for IRES interaction.
40. Woo PC, Lau SK, Choi GK, Huang Y, Teng JL, Tsoi HW, Tse H,
Yeung ML, Chan KH, Jin DY, Yuen KY: Natural occurrence and
characterization of two internal ribosome entry site elements
in a novel virus, canine picodicistrovirus, in the picornavirus-
like superfamily. J Virol 2012, 86:2797-2808.
41. Yamasaki K, Weihl CC, Roos RP: Alternative translation
initiation of Theiler’s murine encephalomyelitis virus. J Virol
1999, 73:8519-8526.
42. Bailey JM, Tapprich WE: Structure of the 50 nontranslated region
of the coxsackievirus B3 genome: chemical modification and
comparative sequence analysis. J Virol 2007, 81:650-668.
43. Du Z, Ulyanov NB, Yu J, Andino R, James TL: NMR structures of
loop b RNAs from the stem-loop IV domain of the enterovirus
internal ribosome entry site: a single C to U substitution
drastically changes the shape and flexibility of RNA.
Biochemistry 2004, 43:5757-5771.
44.

Fernandez N, Fernandez-Miragall O, Ramajo J, Garcia-Sacristan A,
Bellora N, Eyras E, Briones C, Martinez-Salas E: Structural basis
for the biological relevance of the invariant apical stem in IRES-
mediated translation. Nucleic Acids Res 2011, 39:8572-8585.
Covariation and SHAPE reactivity studies on type II IRES.
45. Yu Y, Sweeney TR, Kafasla P, Jackson RJ, Pestova TV, Hellen CU:
The mechanism of translation initiation on aichivirus RNA
mediated by a novel type of picornavirus IRES. EMBO J 2011,
30:4423-4436.
46. Evans DM, Dunn G, Minor PD, Schild GC, Cann AJ, Stanway G,
Almond JW, Currey K, Maizel JV Jr: Increased neurovirulence
associated with a single nucleotide change in a noncoding
region of the sabin type 3 poliovaccine genome. Nature 1985,
314:548-550.
47. Hellen CU, Pestova TV, Wimmer E: Effect of mutations
downstream of the internal ribosome entry site on initiation of
poliovirus protein synthesis. J Virol 1994, 68:6312-6322.
48. Fernandez-Miragall O, Martinez-Salas E: Structural organization
of a viral IRES depends on the integrity of the GNRA motif. RNA
2003, 9:1333-1344.
49. Lopez de Quinto S, Martinez-Salas E: Conserved structural
motifs located in distal loops of aphthovirus internal ribosome
entry site domain 3 are required for internal initiation of
translation. J Virol 1997, 71:4171-4175.
50. Robertson ME, Seamons RA, Belsham GJ: A selection system
for functional internal ribosome entry site (IRES) elements:
analysis of the requirement for a conserved GNRA tetraloop in
the encephalomyocarditis virus IRES. RNA 1999, 5:1167-1179.
51. Fernandez-Miragall O, Ramos R, Ramajo J, Martinez-Salas E:
Evidence of reciprocal tertiary interactions between conservedCurrent Opinion in Virology 2015, 12:113–120 motifs involved in organizing RNA structure essential for
internal initiation of translation. RNA 2006, 12:223-234.
52. Kolupaeva VG, Pestova TV, Hellen CU, Shatsky IN: Translation
eukaryotic initiation factor 4G recognizes a specific structural
element within the internal ribosome entry site of
encephalomyocarditis virus RNA. J Biol Chem 1998, 273:18599-
18604.
53. Lopez de Quinto S, Martinez-Salas E: Interaction of the eIF4G
initiation factor with the aphthovirus IRES is essential for
internal translation initiation in vivo. RNA 2000, 6:1380-1392.
54. Lopez de Quinto S, Lafuente E, Martinez-Salas E: IRES
interaction with translation initiation factors: functional
characterization of novel RNA contacts with eIF3, eIF4B, and
eIF4GII. RNA 2001, 7:1213-1226.
55. Kaminski A, Belsham GJ, Jackson RJ: Translation of
encephalomyocarditis virus RNA: parameters influencing the
selection of the internal initiation site. EMBO J 1994, 13:1673-
1681.
56.

Jung S, Schlick T: Candidate RNA structures for domain 3 of the
foot-and-mouth-disease virus internal ribosome entry site.
Nucleic Acids Res 2013, 41:1483-1514.
Computational RNA structure model of the central domain of type II IRES
based on previous mutational analysis.
57.

Lozano G, Fernandez N, Martinez-Salas E: Magnesium-
dependent folding of a picornavirus IRES element modulates
RNA conformation and eIF4G interaction. FEBS J 2014,
281:3685-3737.
Influence of magnesium ions on the SHAPE reactivity of type II IRES.
58. Fernandez-Miragall O, Lopez de Quinto S, Martinez-Salas E:
Relevance of RNA structure for the activity of picornavirus
IRES elements. Virus Res 2009, 139:172-182.
59. Mohammed S, Phelan MM, Rasul U, Ramesh V: NMR elucidation
of the role of Mg2+ in the structure and stability of the
conserved RNA motifs of the EMCV IRES element. Org Biomol
Chem 2014, 12:1495-1509.
60. Brown EA, Day SP, Jansen RW, Lemon SM: The 50 nontranslated
regionofhepatitisAvirusRNA:secondarystructureandelements
required for translation in vitro. J Virol 1991, 65:5828-5838.
61. Chard LS, Kaku Y, Jones B, Nayak A, Belsham GJ: Functional
analyses of RNA structures shared between the internal
ribosome entry sites of hepatitis C virus and the picornavirus
porcine teschovirus 1 talfan. J Virol 2006, 80:1271-1279.
62. Asnani M, Kumar P, Hellen CUT: Widesspread distribution and
strcutural diversity of type IV IRESs of Picornaviridae. Virology
2015, 478:61-74.
63. Bakhshesh M, Groppelli E, Willcocks MM, Royall E, Belsham GJ,
Roberts LO: The picornavirus avian encephalomyelitis virus
possesses a hepatitis C virus-like internal ribosome entry site
element. J Virol 2008, 82:1993-2003.
64. Easton LE, Locker N, Lukavsky PJ: Conserved functional
domains and a novel tertiary interaction near the pseudoknot
drive translational activity of hepatitis C virus and hepatitis C
virus-like internal ribosome entry sites. Nucleic Acids Res 2009,
37:5537-5549.
65. Boerneke MA, Dibrov SM, Gu J, Wyles DL, Hermann T: Functional
conservation despite structural divergence in ligand-
responsive RNA switches. Proc Natl Acad Sci U S A 2014,
111:15952-15957.
66.

Hashem Y, des Georges A, Dhote V, Langlois R, Liao HY,
Grassucci RA, Pestova TV, Hellen CU, Frank J: Hepatitis-C-virus-
like internal ribosome entry sites displace eIF3 to gain access
to the 40S subunit. Nature 2013, 503:539-545.
Molecular mechanisms underlying HCV IRES-dependent translation.
67. Dotu I, Lozano G, Clote P, Martinez-Salas E: Using RNA inverse
folding to identify IRES-like structural subdomains. RNA Biol
2013, 10:1842-1852.
68. Parisien M, Major F: The Mc-fold and Mc-sym pipeline infers
RNA structure from sequence data. Nature 2008, 452:51-55.www.sciencedirect.com
